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Tetragonally distorted Mn3−xGax thin films with 0.1 < x < 2 show a strong perpendicular mag-
netic anisotropy and low magnetization and thus have the potential to serve as electrodes in spin
transfer torque magnetic random access memory. Because a direct capping of these films with
MgO is problematic due to oxide formation, we examined the influence of a CoFeB interlayer, and
of two different deposition methods for the MgO barrier on the formation of interfacial MnO for
Mn62Ga38 by element specific X-ray absorption spectroscopy (XAS) and magnetic circular dichro-
ism (XMCD). A highly textured L10 crystal structure of the Mn-Ga films was verified by X-ray
diffraction (XRD) measurements. For samples with e-beam evaporated MgO barrier no evidence
for MnO was found, whereas in samples with magnetron sputtered MgO MnO was detected, even
for the thickest interlayer thickness. Both XAS and XMCD measurements showed an increasing
interfacial MnO amount with decreasing CoFeB interlayer thickness. Additional element specific
full hysteresis loops determined an out-of-plane magnetization axis for the Mn and Co, respectively.
PACS numbers: 75.30.Gw, 75.70.-i, 78.70.Dm
I. INTRODUCTION
The continuous miniaturization of spintronic devices
requires consistently new materials providing high spin
polarization and Curie temperature to achieve high tun-
nel magneto resistance (TMR) effects at room temper-
ature and low magnetic damping, low saturation mag-
netization to lower the critical current for spin-transfer
torque (STT) switching.[1] In addition, a large perpen-
dicular magnetic anisotropy is required to guarantee
reliable data retention. Examples of commonly used
thin films with perpendicular magnetic anisotropy are
(Co/Pd)n[2] or (Co/Pt)n[3] multilayers, which take ad-
vantage of the large magnetic anisotropy induced by in-
terfaces. Another approach to induce a perpendicular
magnetic anisotropy is the utilization of ferromagnetic
materials in combination with rare earth elements. The
integration of such films into perpendicular magnetic tun-
nel junctions (pMTJs) or spin valves (SPVs) was re-
ported by Nakayama et al. [4] and Li et al. [5] for Tb-
CoFe and Tb-Co2FeAl. Both the multilayer structures
and the ferromagnetic materials in combination with rare
earth elements provide a high anisotropy energy density
K = MSHK/2, with HK = HSat + 4piMS.[6–8] HSat is de-
fined as the saturation field in hard magnetic axis direc-
tion. But due to the high spin-orbit interaction of noble
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metals and also rare earth elements, the damping con-
stant α is large (αCo/Pd ≈ 0.09)[9] and thus a high critical
current density for STT switching can be expected. Com-
bined with the challenging deposition of multilayers and
the high reactivity of rare earth elements this may hinder
the wide spread use of these materials in application. To
overcome these obstacles new materials have to be devel-
oped. A promising material is the Mn3−xGa compound,
which is predicted to fulfill [1] the criteria for STT switch-
ing and stability. In the X2YZ Heusler-type D03 phase,
the X and Y positions are occupied with Mn atoms and
the Ga atoms occupy the Z positions. Wurmehl et al.
predicted Mn3Ga to be a half-metallic, fully compensated
ferrimagnet.[10] The tetragonally-distorted L10 and D022
crystallographic phases provide an easy magnetization
axis perpendicular to the film plane if the distortion axis
is in the growth direction. The L10 phase can be found
for x > 1.2. However, between 0.15 ≤ x ≤ 1.06 the D022
crystal structure can be achieved.[11] Sakuma et al. re-
ported a theoretical magnetic Mn moment of 2.51µB for
MnGa in the L10 structure.[12] Hasegawa and Tsuboya
experimentally obtained a magnetic moment of 1.7µB .
This decrease in the magnetic moment is based on a
Mn content higher than one. Thereby Mn atoms occupy
Ga positions and couple antiferromagnetically to the ini-
tial Mn atoms. In addition, an anisotropy constant of
Ku = 2.6× 107 erg/cm3 was measured.[12]
Furthermore, Mizukami et al. reported a very low mag-
netic damping constant of 0.008 for Mn1.54Ga.[13]
Kubota et al. observed a TMR effect of 6 % (18 %)
ar
X
iv
:1
30
3.
46
48
v2
  [
co
nd
-m
at.
mt
rl-
sc
i] 
 21
 M
ay
 20
13
2at 300 K (10 K) for L10 ordered Mn54Ga46 based
MTJs.[14] Additionally Bai et al. reported a first
principle study of the magnetic and transport prop-
erties of Mn3−xGa/MgO/Mn3−xGa magnetic tunnel
junctions.[15] Bai pointed out, that only for low Mn con-
centration (Mn2Ga) a high TMR effect should be ob-
servable. For higher Mn concentrations (Mn3Ga) spin
filtering effects vanish. The reported TMR effects are
low compared with other Heusler materials.[16] An im-
portant reason of these lower TMR effects could lie in
the low spin polarization of the s-electrons of Mn3−xGa,
which are mostly responsible for incoherent tunneling.
Additionally the oxidation of the Mn could cause the low
TMR and/or the lattice mismatch between the Mn-Ga
bottom layer and the MgO barrier. In this paper we in-
vestigate the oxidation of the Mn during the deposition
of the MgO barrier and the influence of an additional
CoFeB interlayer to improve the material systems for ap-
plications.
II. EXPERIMENTAL
The samples were prepared by conventional DC and
RF magnetron sputtering. The Mn1.63Ga thin films were
deposited in a UHV system from a Mn50Ga50 sputtering
target. The Ar pressure was 1.3× 10−3 mbar and the
growth rate was set to approximately 0.4 nm/sec. To
achieve a tetragonally distorted lattice, the deposition
temperature was 520 ◦C. The Mn-Ga layers were de-
posited on SrTiO3 (001) substrates. The cubic SrTiO3
exhibits a lattice parameter of 3.905 A˚. Due to the low
lattice mismatch (< 1 %) highly textured thin films are
obtained.[17] An additional interlayer of Co40Fe40B20
(CoFeB) was deposited at room temperature on the
Mn1.63Ga thin film, with thicknesses from 0 to 2 nm.
Finally, the layers were capped by a 2 nm thick MgO
layer. Two different deposition procedures were used
for the MgO tunnel barrier, magnetron sputtering and
e-beam evaporation.
X-ray absorption spectroscopy (XAS) and X-ray mag-
netic circular dichroism (XMCD) measurements were
performed at beamline (BL) 6.3.1 of the Advanced
Light Source in Berkeley, USA. The Mn L edges were
investigated by surface sensitive total electron yield
in normal incidence. XMCD spectra were obtained
by applying a magnetic field of 1.5 T along the X-ray
beam direction using elliptically polarized radiation
with degrees of polarization of +66 %. The sample
temperature was 300 K.
III. RESULTS
The film compositions were determined by X-ray flu-
orescence (XRF) as Mn1.63±0.06Ga. XRD measurements
(Cu Kα 1.5418 A˚) were utilized to investigate the crystal-
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FIG. 1. (a) X-ray diffraction scans of Mn1.63Ga thin films
with CoFeB interlayer thickness of 0 and 2 nm. (b) Laue os-
cillations on the (001) and (c) on the (002) film peak. (d) c lat-
tice constant and (e) full-widths at half-maximum (FWHM)
of the rocking curves taken from the (002) reflex.
lographic structure and to determine the crystal phase.
Fig. 1 (a) shows the X-ray diffraction results for the 23 nm
thick Mn1.63Ga thin films with a CoFeB interlayer thick-
ness of 0 and 2 nm. All samples show the fundamental
(002) peak, corresponding to c ≈ 3.63 A˚ (see Fig. 1 (d)).
In addition the two superlattice peaks, (001) and (003),
are also visible. The (011) reflex is forbidden in the L10
crystal structure.[13] Pole figure measurements were car-
ried out at a fixed angle of 2θ = 33.65 deg. For each
angle Ψ between 0 and 90 deg the sample was rotated
by Φ = 0, . . . , 360 deg. The scans showed no appearance
of the (011) peak. Laue oscillations, that only appear
for thin films with good crystalline coherence, were ob-
served on the superlattice (001) and fundamental (002)
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FIG. 2. Normalized XAS of Mn on SrTiO3 substrate. The
MgO barrier was deposited by (a) RF magnetron sputtering
and (b) e-beam evaporation.
peak for all samples. We thus conclude, that our samples
show a L10 structure with very good crystalline quality.
In Fig. 1 (b) and (c) a fine scan of the (001) and (002)
film reflex for a sample with 0.8 nm CoFeB is shown.
At smaller angles the amplitudes of the oscillations are
smaller compared to the substrate reflex intensity and
therefore not visible. However, due to the weak asym-
metry of the fringes we conclude that an almost homo-
geneous strain along the growth direction is present.[18]
In addition, rocking curves of the (002) reflex were car-
ried out. The full-widths at half-maximum (FWHM) of
rocking curves at the (002) reflex are shown in Fig. 1 (e).
An average value of 0.24 deg was found showing a narrow
distribution of the orientation of the grains. Considering
a Gaussian function to describe the peak (shape factor
K = 0.89) a lateral grain size between 25 and 55 nm was
determined.
The valence states and magnetic properties of Mn near
the Mn-Ga/(CoFeB)/MgO interface were investigated by
X-ray absorption spectroscopy (XAS) and X-ray mag-
netic circular dichroism (XMCD). Fig. 2 (a) depicts the
typical absorption spectra of Mn for samples with dif-
ferent CoFeB interlayer thicknesses and RF sputtered
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FIG. 3. Normalized XMCD spectra (η = 1) of Mn on SrTiO3
substrate determined from the XAS spectra measured at BL
6.3.1. The MgO capping layer was deposited by (a) RF mag-
netron sputtering and (b) e-beam evaporation.
MgO. For an interlayer thickness below 0.8 nm the shape
of the Mn spectra slightly differs from those of Mn in
the metallic state.[19] At photon energies above the L3
resonance, an additional feature was found (marked by
black arrow) indicating the formation interfacial MnO
for CoFeB interlayers thinner than 0.8 nm. In Fig. 2 (b)
the XA spectra for Mn1.63Ga thin films capped with e-
beam evaporated MgO are shown with and without a
1 nm CoFeB interlayer. In this case no evidence for the
formation of interfacial MnO was found. Therefore the
method used for the deposition of the MgO barrier de-
termines the oxidation of the underlying metal electrode.
Furthermore a second-order Mg peak (K1 = 1303.0 eV)
caused by the higher order contributions of the beamline
and the MgO capping, was found for all samples above
the L2 edge (marked by green arrow). Fig. 3 (a) shows
the corresponding XMCD signal normalized to the post-
edge jump height (i. e., η = 1), which increases with in-
creasing CoFeB thickness. Thus, the magnetic moment,
which corresponds to the maximum XMCD signal, in-
creases due to the lower amount of MnO. The XMCD
data for thin films capped with e-beam evaporated MgO
(Fig. 3 (b)), show the same behaviour as previously seen
for Mn1.63Ga thin films with sputtered MgO capping.
Therefore the normalized XMCD data agree with the
XAS measurements and show, that the Mn magnetic mo-
ment at the interface increases with increasing CoFeB
thickness.
Fig. 4 shows the maximum XMCD signal, as defined in
Fig. 3 (a), depending on the CoFeB interlayer thickness.
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FIG. 4. Maximum XMCD signal, as defined in Fig. 3 (a),
as function of the CoFeB interlayer thickness for thin films
with RF magnetron sputtered MgO capping (solid dots) and
e-beam evaporated MgO capping (open circles).
The solid dots corresponds to the samples with mag-
netron sputtered and the circles samples with e-beam
evaporated MgO barrier. The XMCD amplitudes and
therefore the Mn magnetic moments for magnetron sput-
tered MgO barrier are lower compared to samples with
e-beam evaporated MgO. Even for a CoFeB thickness of
2.0 nm the XMCD signal is lower for the samples with
sputtered MgO. This behaviour gives evidence for a re-
lation between the amount of MnO and the deposition
method of the MgO barrier.
The max. XMCD signal for the sample without CoFeB
interlayer and e-beam evaporated MgO is twice as high
as the signal for the sample with magnetron sputtered
MgO. Therefore 50 % of the signal is suppressed by the
MnO. Because the typical probing depth for total elec-
tron yield measurements is approximately 1-2 nm and the
resulting thickness of the oxidized Mn layer is approxi-
mately 1.4 nm. Thus, this is an estimate for the maxi-
mum amount of MnO in the sample with the maximum
amount of MnO.
In Fig. 5 the element-specific full hysteresis loop of a
Mn1.63Ga sample with (dashed black line) and without
(bold black line) CoFeB interlayer is shown. In addition
the Co hysteresis loop (blue line) is added to compare the
coercivity fields of Mn and Co. The Mn hysteresis loop of
a sample without interlayer shows a lower coercivity com-
pared to the one with interlayer. The Co hysteresis loop
exhibits the same coercive field as the Mn layer. This
is a clear indication that the magnetization of the 1 nm
CoFeB interlayer is perpendicularly aligned to that of the
Mn-Ga thin film surface and parallel to the Mn magne-
tization. In Fig. 6 the coercivity of the Mn and Co films
depending on the CoFeB thickness is depicted. The full
hysteresis loop of a sample with a 0.4 nm CoFeB thin film
was not detectable for Co due to the small amount of Co
in these samples. For a CoFeB thickness of 0.6 and 2 nm
a Co hysteresis was obtained, but the coercivity slightly
differs from that shown by the Mn hysteresis. However,
samples with 0.8 and 1.0 nm CoFeB interlayer thickness
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FIG. 5. Element-specific hysteresis loops. The dashed black
(bold black) curve is the normalized Mn XMCD asymmetry
for a sample with (without) 1 nm CoFeB, measured at room
temperature for normal incidence of the X-rays and out-of-
plane magnetic field. The blue curve is the normalized Co
XMCD asymmetry. The MgO protection layer was deposited
by magnetron sputtering.
showed the same coercivity for Mn and Co. Therefore up
to a CoFeB thickness of 2 nm the interlayer is magneti-
cally aligned with the Mn-Ga bottom layer. The perpen-
dicular magnetization of the CoFeB interlayer originates
from three effects: the stray field of the Mn-Ga film, the
exchange coupling at the interface, and from the perpen-
dicular magnetic anisotropy of the CoFeB/MgO capping
of the Mn-Ga bottom layer. Ikeda et al. reported a PMA
for CoFeB/MgO/CoFeB tunnel junctions thin film with a
CoFeB thickness between 1 and 1.2 nm.[20] The influence
of exchange coupling and the PMA decrease with increas-
ing CoFeB thickness, whereas the stray field is propor-
tional to the film thickness of the underlying Mn1.63Ga
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FIG. 6. Relation between the Mn and Co coercieve fields
for different CoFeB interlayer thicknesses. The orientation of
the magnetic field was perpendicular to the film plane. The
circles indicate the Mn and Co coercivity for samples with
magnetron sputtered MgO and the triangles the samples with
e-beam evaporated MgO.
5and remains constant. Thus the range of perpendicular
magnetization of the CoFeB is extended to thicknesses
up to 2 nm for our film system.
IV. CONCLUSION
We prepared Mn1.63Ga/CoFeB/MgO thin films and
investigated the influence of a CoFeB interlayer on the
amount of MnO and therefore on the total magnetic
moment at the interface of Mn1.63Ga thin films with
CoFeB/MgO. In addition, two different deposition meth-
ods for the MgO barrier were examined. Thin films
with magnetron sputtered MgO capping and a CoFeB
thickness below 0.8 nm show a difference in the elec-
tronic structure of the unoccupied 3d states (see Fig. 2)
compared to pure Mn which points to MnO formation,
whereas for an e-beam evaporated MgO barrier no evi-
dence for MnO was found. The formation of MnO for
sputtered MgO can be suppressed by a CoFeB interlayer
of at least 0.8 nm thickness.
In accordance with the XAS, the XMCD data show an in-
crease in the total magnetic Mn moment with increasing
CoFeB interlayer thickness. This increase in the mag-
netic moment can be explained by the decreasing MnO
amount. However, the samples with e-beam evaporated
MgO barrier exhibit a higher magnetic moment com-
pared to samples with magnetron sputtered MgO bar-
rier. This effect should be taken into account for the
further preparation of magnetic tunnel junctions with
Mn-Ga electrode. Element specific full hystereses loops
were taken to determine the magnetization axis of the Mn
and Co, respectively. For CoFeB thicknesses from 0.8 to
2.0 nm a perpendicular magnetization of the CoFeB to
the sample surface was found. The origin of the out-
of-plane magnetization of the CoFeB needs to be inves-
tigated further because it is not clear, if the magnetic
stray field of the Mn-Ga or an exchange coupling between
both materials along with a perpendicular anisotropy in-
troduced by the CoFeB/MgO interface cause the perpen-
dicular magnetization.
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